We characterized the morphological, electrical and mechanical alterations of cardiomyocytes in long-term cell culture. Morphometric parameters, sarcomere length, T-tubule density, cell capacitance, L-type calcium current (I Ca,L ), inward rectifier potassium current (I K1 ), cytosolic calcium transients, action potential and contractile parameters of adult rat ventricular myocytes were determined on each day of 5 days in culture. We also analysed the health of the myocytes using an apoptotic/necrotic viability assay. The data show that myocytes undergo profound morphological and functional changes during culture. We observed a progressive reduction in the cell area (from 2502 ± 70 μm 2 on day 0 to 1432 ± 50 μm 2 on day 5), T-tubule density, systolic shortening (from 0.11 ± 0.02 to 0.05 ± 0.01 μm) and amplitude of calcium transients (from 1.54 ± 0.19 to 0.67 ± 0.19) over 5 days of culture. The negative force-frequency relationship, characteristic of rat myocardium, was maintained during the first 2 days but diminished thereafter. Cell capacitance (from 156 ± 8 to 105 ± 11 pF) and membrane currents were also reduced (I Ca,L , from 3.98 ± 0.39 to 2.12 ± 0.37 pA pF; and I K1 , from 34.34p ± 2.31 to 18.00 ± 5.97 pA pF −1 ). We observed progressive depolarization of the resting membrane potential during culture (from 77.3 ± 2.5 to 34.2 ± 5.9 mV) and, consequently, action potential morphology was profoundly altered as well. The results of the viability assays indicate that these alterations could not be attributed to either apoptosis or necrosis but are rather an adaptation to the culture conditions over time.
Cultured adult cardiac myocytes currently are a model routinely used in cardiovascular research. The increasing popularity of this model is clearly demonstrated with numerous publications within the first half of last year (Arruda et al. 2007; Chilton et al. 2007; Cuello et al. 2007a,b; Eder et al. 2007; Heidkamp et al. 2007; Herron et al. 2007; Huang et al. 2007; Oestreich et al. 2007; Tastan et al. 2007; Vila-Petroff et al. 2007; Warrier et al. 2007; Yang et al. 2007; Zhu et al. 2007) . Apart from other important aspects (i.e. efficiency, practical or ethical considerations), the major advantage of using cultured cells is the long viability. While freshly isolated cardiac myocytes remain in 'good condition' for only 10-12 h, cultured myocytes can be used for longer term studies which may involve manipulation of humoral influences, gene transfer or protein expression (Bölck et al. 2004; Weisser-Thomas et al. 2005; Arruda et al. 2007) . However, the reliability of data obtained in cultured cells is highly dependent on preservation of the original phenotype. While long-term viability is an advantage, the long culture time allows cells to adapt to culture conditions; therefore, phenotype can alter. An increasing body of data suggests that isolated cardiac myocytes undergo profound morphological and functional transformation during long-term culture and therefore cannot be considered to be in a steady state (Ellingsen et al. 1993; Horackova et al. 1996; Horackova & Byczko, 1997; Mitchelson et al. 1998; Poindexter et al. 2001; Schiess et al. 2005) . As a standard method, experiments using cultured cells often make comparison between cells exposed to test conditions and those kept under control culture conditions during the same period. However, if the cultured cells used as controls undergo transformation during long-term culture, the concomitant changes in the control cells need to be taken into account in interpretation of the data.
Great efforts have been made by several groups to maintain the morphology and function of cardiac myocytes in primary culture. Among many other attempts, co-culture with cardiac neurones , continuous electrical field stimulation (Berger et al. 1994; Horackova et al. 1996) , β-adrenergic stimulation with isoprenaline (Akuzawa-Tateyama et al. 2006) , culture in high-Ca 2+ medium (Davidoff et al. 1997) or application of biocompatible materials (Polonchuk et al. 2000) have been used to maintain phenotype. Some of these methods seem to help by slowing down cell degeneration, but the cultured adult myocyte model is still not stable and cannot be used to substitute freshly isolated cells.
Under these circumstances, it is important to understand the mechanism and time line of the transformation of cardiac myocytes in long-term culture. Furthermore, we have to identify individual window periods for each experimental method to establish a time frame when cultured cells can be used as an appropriate model.
The goal of this study was twofold. First, we wanted to systematically characterize the functional changes of adult rat ventricular myocytes (ARVM) in longterm culture. Earlier studies on this topic had only limited scope, focusing on morphological, mechanical or electrical properties of cultured cells. Since different laboratories use different culturing methods, it is very difficult (if not impossible) to relate morphological observations to functional data when they orignate from different laboratories. Here, we report our data from a comprehensive study in which morphometry, sarcomere length, T-tubule density, contractility and electrophysiology were systematically studied on each culture day. These data can provide guidelines for those who use ARVM as an experimental model. Second, using the culture method developed in our laboratory, we tested the hypothesis that the functional changes observed in ARVM during long-term culture are not attributable to apoptosis or necrosis. Thus, we aimed to understand the mechanism of cell death in our cultured cardiac myocytes.
Our observations show that when ARVM die in culture, the first step is a loss of ability to maintain a normal diastolic calcium level. Morphologically, the cells first shorten and then round up. Apoptosis or necrosis was not detected in rod-shaped cells, and only showed up after cells became rounded up. The T-tubule structure and force-frequency relationship are preserved for 2 days in culture. Electrophysiological properties undergo progressive adaptation during the first 3 days of culture and then reach a steady state during the fourth and fifth day in culture.
Methods
All animals and procedures were handled strictly in accordance with the National Institutes of Health (NIH) guidelines and protocols were approved by the University of Kentucky's Institutional Animal Care and Use Committee. Chemicals and reagents were purchased from Sigma-Aldrich if not specified otherwise.
Cell preparation and culture techniques
Sprague-Dawley rats were purchased from Harlan (Indianapolis, IN, USA). Rats were anaesthetized using a Surgivet Isotech 4 vaporiozer unit delivering 6% isoflurane in medical grade oxygen. After suppression of the spinal cord reflexes, the hearts were removed via mid-line thoracotomy. A standard enzymatic technique described in detail previously (Lopez-Lopez, 1995) was used to isolate ventricular myocytes.
Following isolation, cells were allowed to settle for 1 h. Cells were suspended in serum-free Medium 199 (Gibco 12350, Invitrogen) containing (mm): taurine, 5; creatine, 5; l-carnitine, 5 (Volz et al. 1991; Ellingsen et al. 1993) ; and sodium bicarbonate, 26; and plated in 26-well plates onto 12 mm glass coverslips that had been coated with 20 μg ml −1 mouse laminin (Mitchelson et al. 1998 ). Cultures were incubated at 37
• C, in an atmosphere of 5% CO 2 -95% air for 2 h. Fresh medium was added gently as medium was being drawn off until the cultures had been thoroughly washed. The cells were then cultured under the same culture conditions, and assessed every 24 h, for 5 days. Only quiescent, rod-shape myocytes were selected for experiments.
Morphometry
Randomly selected areas of cell culture were visualized using a ×40 objective on a Nikon Diaphot microscope and photographs were taken using a Nikon Coolpix 8800 with a MM99 microscope adapter. Cell length, width and area were determined using ImageJ software (NIH). The mean sarcomere length was determined from the largest Fourier coefficient of the fast Fourier transform average of the intensity value derived from ImageJ.
Apoptosis
Cardiomyocytes were assayed using the Vybrant apoptosis assay kit no. 7 (Invitrogen, no. V-23201) to determine whether the isolation or culturing procedures were inducing apoptosis. Medium 199 containing no phenol red (Invitrogen, no. 11043) replaced phosphate-buffered saline. Cells were plated and stained on laminin-coated coverslips. The YO-PRO-1 concentration was doubled in fresh cultures, and cells were incubated with the dyes at room temperature. To verify YO-PRO-1 assay, control cells were induced with 5 μm doxorubicin (Fluka, -382 no. 44583) for 14 h at 37
• C, in 5% CO 2 -95% air (Kumar et al. 1999; Lou et al. 2006) . Images were recorded with Spot version 4.1 on a Nikon Eclipse E600 microscope (Diagnostic Instruments, Sterling Heights, MI, USA). Images were postprocessed using MetaMorph version 6.3 (Universal Imaging Corporation, West Chester, PA, USA).
Contraction measurements
Myocytes were loaded with 2.5 μm fluo-5F,AM fluorescent calcium-sensitive dye for 45 min at room temperature. Then cells were transferred to a chamber mounted on the stage of an inverted microscope (Olympus IX71) and superfused with Tyrode solution (mm: NaCl, 145; KCl, 4; CaCl 2 , 1; NaH 2 PO 4 , 0.33; MgCl 2 , 1; Hepes, 10; and dextrose, 10; at pH 7.2) at room temperature. The cells were field stimulated with 4 ms bipolar, supramaximal pulses using a Grass S48 stimulator. Prior to recording, the cells were stimulated for 10 min at a constant pacing rate in order to allow them to adapt to the new frequency and reach a steady state. Calcium transients and sarcomere shortening were recorded simultaneously in the same cell using an IonOptix system (IonOptix, Milton, MA, USA). All fluorescence measurements were carried out with the same excitation light intensity and gain level. Recordings were analysed using the IonOptix analysis package.
Staining of T-tubules and analysis
For each time point beginning with freshly isolated cells (D0) and continuing to day 5 in culture (D5), cells were incubated with di-8-ANEPPS (Invitrogen no. D3167) at a working concentration of 10 μm for 20 min. The di-8-ANEPPS was washed out with Tyrode solution, and images were obtained with a Zeiss LSM 5 Live using a ×100 NA 1.4 oil plan-apo objective. Several focal planes were recorded in each cell, and we used only those frames where the nucleus was not seen. The images were then analysed with ImageJ image analysis software (NIH), measuring the area fraction within the cell that had taken up the dye. The data for each time point were then statistically compared to determine changes in T-tubule fractional area.
Detubulation
Cells were incubated in Tyrode solution containing formamide (1.5 m) for 20 min at room temperature, and then washed in fresh Tyrode solution. The formamide treatment caused detubulation of the ventricular myocytes as previously reported (Kawai et al. 1999) .
Electrophysiology
All experiments were performed in whole cell configuration at room temperature. An Axoclamp 200B amplifier and Digidata 1324 A/D-D/A converter were used with pClamp 9.2 software package for data acquisition and analysis (Molecular Devices). Electrodes were prepared from borosilicate glass, having a tip resistance of 1.5-2.5 M when filled with pipette solution (containing, mm: potassium aspartate, 108; KCl, 45; NaCl, 10; EGTA, 2; Mg-ATP, 3; and Hepes, 5 for action potential and I K1 recordings or CsCl, 135; TEACl, 10; EGTA, 2; Mg-ATP, 5; and Hepes, 10 for measurement of L-type calcium current (I Ca,L ), at pH 7.2) Action potentials and I K1 were recorded in Tyrode solution, whereas I Ca,L was measured in sodium-free medium (containing, mm: N -methyl-d-glucamine, 155; CaCl 2 , 1; MgCl 2 , 1; Hepes, 10; dextrose, 10; and 4 aminopyridine, 3; at pH 7.2). Calcium currents were recorded with a 500 ms long depolarization step to +10 mV preceded by a set of prepulses clamped to various voltages between -70 and +60 mV for 1000 ms. The value of I K1 was recorded with a 200 ms long hyperpolarizing step to -130 mV from a holding potential of -70 mV, and 50 μm BaCl 2 was used for pharmacological dissection. Ionic currents were normalized to cell capacitance (measured in whole cell configuration by applying 10 mV voltage steps from a holding potential of 0 mV) during analysis. Action potentials were recorded in current clamp mode when cells were stimulated via the recording electrode using a GRASS S48 stimulator (Grass Technologies Product Group, Astro-Medical, Inc., Mentor, OH, USA). A 5 min adaptation period with a constant stimulation rate was applied before each action potential measurement between 0.5 and 2.0 Hz to stabilize parameters before recording. Before 0.1 Hz measurements, we applied a 10 min adaptation period. Data were corrected for a liquid junction potential of -10 mV.
Statistical analysis
All values presented are arithmetic means ± s.e.m. Statistical significances were calculated by ANOVA and Student's paired or unaired t test as appropriate. The difference in mean values was considered significant when the P value was less than 0.05.
Results

Morphometry
Cultured cells maintained rod shape but after the second day their ends became rounded and the regular striation started to fragment (Fig. 1) . A minor fraction of cells (less than 5% of the total) underwent severe morphological transformation after the third day, extending fingerlike pseudopodia or forming dumbbell-like structures (see arrow in Fig. 1A ). These pleomorphic cell types were not included in the analysis. Cell size (length, diameter and area) and sarcomere length were determined within 2 h after cell isolation. On days 1-5 the cell measurements were performed at the same time of day as the original isolation (±1 h). The average cell length decreased from 107.8 ± 2.2 to 93.1 ± 1.75 μm (P < 0.001) during the first day of culture. Further shortening was observed up to the fifth culture day (86.9 ± 2.73 μm on day 5). The average diameter of cells decreased from 23.75 ± 0.59 to 16.57 ± 0.47 μm (P < 0.001) during 5 days of culture. The average diastolic sarcomere length was shortened on the second and the third day of culture compared with those measured on the day of isolation (D0, 1.782 ± 0.008 μm; D1, 1.73 ± 0.010 μm; and D2, 1.74 ± 0.024 μm; P < 0.05). Following the second day of culture, the average sarcomere length showed no significant difference from that measured on day 0. Average cell area decreased gradually from 2502 ± 70 (D0) to 1432 ± 50 μm 2 (D5) during the period from D0 to D5 (P < 0.001). In an attempt to answer the question of whether the shift in these parameters resulted from a shorter survival rate of the larger myocytes or from a reduction in cell size generally, we conducted a follow-up study to record morphometric changes of individual cells, using culture dishes with a grid (Nunclon, Nalge Nunc International, Rochester, NY, USA), which are designed to localize the same cells during repetitive measurements in culture. Surprisingly, in spite of using laminine a considerable fraction of cells moved during the daily changes of culture medium, making it impossible to accomplish our goal. Thus, the mechanism of the shift in morphometric parameters in the population remains unresolved.
Viability tests
Cardiomyocytes were assayed to determine whether the isolation and culture methods were inducing apoptosis or whether the cells were undergoing normal cellular necrosis. The Vybrant apoptosis assay kit no. 7(Invitrogen) was used on freshly isolated ( Fig. 2A-C ) and 5 day cultures ( Fig. 2G-I ). Using the blue nuclear stain Hoechst 33342 both cell populations showed specific staining of the nucleus with low cytoplasmic fluorescence ( Fig. 2A and  G) . Intact rod-shaped myocytes were propidium iodide negative, as evidenced by a lack of red nuclear staining. Likewise, cell populations from freshly isolated and day 5 cultures which were somewhat deteriorated (arrow in Fig. 2A ) did not fluoresce with the propidium iodide dye because they had intact plasma membranes (Figs 2B and H) . The fluorescent dye YO-PRO-1, which fluoresces when cells undergo apoptosis but also enters cells with damaged membranes, as evidenced by a uniform green fluorescence, was also negative in both the rod-shaped and partly deteriorated myocytes ( Fig. 2C and I) . To validate the effectiveness of the YO-PRO-1 dye, myocytes were induced with the pro-apoptotic chemical doxorubicin. The morphology of the rod-shaped cells was maintained after 14 h induction using 5 μm doxorubicin (Fig. 2D ). Hoechst 33342 staining was more diffuse throughout the cells but also showed lower nuclear staining, which was most likely to be a result of nuclear condensation (Fig. 2E) . Propidium iodide could not be used with these cells because the doxorubicin was red (data not shown). Rod-shaped cells were YO-PRO-1 positive for apoptosis following doxorubicin induction (Fig. 2F) . We therefore concluded that the isolation and culture procedures were not pro-apoptotic and that the decrease in the ratio of rod-shaped cell number to round-shaped cell number was a result of cellular necrosis. Figure 3A shows representative recordings of sarcomere length shortening and calcium transient recorded in the T. Banyasz and others same ARVM at various frequencies on the day of cell isolation (D0). Figure 3B and C shows that diastolic sarcomere length and systolic shortening of ARVM decreased at higher stimulation rates on D0, D1 and D2. The negative force-frequency relationship (referred to as negative Bowditch effect) is characteristic of rat myocardium in the frequency range studied (Endoh, 2004) . Our data show that this feature of myocytes was maintained up to the second culture day; however, diastolic sarcomere length was found to be shorter at each stimulating frequency on D1 and D2 compared with D0. There was no significant decrease in the systolic shortening amplitude during the same period at each frequency studied. The systolic shortening was significantly smaller after D2 at lower pacing rates and the frequency dependence was no longer present. Parallel to this, the frequency dependence of diastolic sarcomere length was less steep. The fractional sarcomere length shortening was higher than 7% (at 0.1 Hz pacing rate) in every cell on the day of isolation. However, after D2 all cells had fractional sarcomere length shortening less than 2%. Diastolic fluorescence intensity (Fig. 3D) was not altered by pacing rate or length of culture in ARVM measured with fluo-5F (P >> 0.05 with single-factor ANOVA). Systolic fluorescence intensity showed no frequency dependence in freshly isolated cells or during the period of culturing. However, we observed a significant decrease in systolic fluorescence intensity along the culture time (Fig. 3E) .
Contractility measurements
Staining of T-tubules
To study whether contractile dysfunction, observed during prolonged culture, was associated with T-tubule degradation, we determined the T-tubule area relative to cell area (RTTA) in ARVM on each culture day. Figure 4A -C shows representative images recorded on D0, D3 and D5, respectively. Freshly isolated (D0) cells displayed well-developed and well-organized T-tubule structure visualized with di-8-ANEPPS. The T-tubule structure became fragmented during the first two culture days, and RTTA showed a significant decrease. Owing to the relatively high variability of RTTA in cultured cells, we found it more demonstrative to construct a distribution diagram of RTTA. As shown in Fig. 4F , RTTA distribution shifted towards lower RTTA values during prolonged culture. Following D3, we found no cells with larger RTTA than 20%. The systolic value of of the calcium transient (F-sys) did not show frequency dependence (E), but decreased significantly during culture. n = 7-12 for each group. $ P < 0.05 versus 0.1 Hz data on the same culture day (Student's paired t test). #P < 0.05 versus data obtained in freshly isolated cells at the same pacing rate (Student's unpaired t test).
In order to validate our method of RTTA assessment we used formamide treatment to acutely detubulate the cells and determined RTTA in two groups of detubulated cells. In the first group of cells, we stained freshly isolated cells after detubulation (Fig. 4D) . We found that, under these circumstances, RTTA was much less than in the D0 control group (Fig. 4G) . When detubulation followed di-8-ANEPPS staining, RTTA did not decrease (data not shown); however, T-tubule structure was fragmented (Fig. 4E) . These tests indicate that di-8-ANEPPS can stain T-tubules only when they are connected to sarcolemma. Therefore, decreased RTTA during prolonged culture might result from detachment of T-tubules from sarcolemma and does not necessarily indicate a complete degradation of the T-tubule system.
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Electrophysiology
As expected from morphometric data, membrane capacitance (C m ) decreased during culture (Fig. 5A ). In the D3 myocytes, C m was lower by 32% than that of the freshly isolated cells (105 ± 11 and 156 ± 8 pF, respectively), but no further decrease was observed during D4 and D5. Interestingly, C m in detubulated cells was similar to that in D3, D4 and D5 cells.
The action potential duration (APD) of freshly isolated ARVM lengthened in each cell when the pacing rate was increased (Fig. 5B) . However, cell-to-cell variations of APD at any stimulation rate examined were larger than frequency-induced lengthening within the same myocyte. For example, the average lengthening of APD 90 (Action Potential Duration measured at 90% repolarization) when pacing rate was increased from 0.1 to 1.0 Hz was 3.3 ± 2.1 ms. At the same time, the standard errors of Acutely detubulated cells showed decreased di-8-ANEPPS staining (D). When acute detubulation was performed after di-8-ANEPPS staining of the T-tubules, relative T-tubule area (RTTA) was not decreased; however, T-tubule fragmentation was observed (E). Also shown is a frequency diagram for RTTA on different days of culture (F) and for detubulated versus freshly isolated ARVM (G). n = 107-128 cells for each group from 7 animals.
APD90 measured at 0.1 and 1.0 Hz pacing rate were 3.5 and 2.9 ms, respectively. Therefore, frequency-induced differences were found to be statistically not significant with both ANOVA and correlation analysis.
The average resting membrane potential was -77.3 ± 2.5 mV on the day of cell isolation. Our cells were found to be significantly depolarized following the first day of culture (59.6 ± 6.1 mV P < 0.01), and we observed only a slow response in these cells. However, application of a relatively small (100-200 pA) hyperpolarizing current restored the membrane potential to the normal range and cells were then able to generate regular action potentials (Fig. 5C ). The membrane potential decreased progressively during the five culture days examined, reaching -24.2 ± 5.97 mV on day 5 (Fig. 5F ). To investigate the electrophysiological background of the depolarization, we tested I K1 in our cells using the barium-sensitive component of transmembrane current during a -120 mV test pulse from a holding potential of -70 mV (Fig. 5D) . Between D0 and D5 the bariumsensitive current showed a continuous decrease of 35% (Fig. 5E ), whereas the current amplitude was significantly lower in detubulated cells (D0). The relationship between resting membrane potential and I K1 density is presented in Fig. 5F . Our data show that decreased I K1 density is associated with lower resting membrane potential. These results indicate that the decreased I K1 density is an important determinant of the progressive depolarization observed in ARVM during culture. Figure 6A and B shows representative I Ca,L families from freshly isolated cells and peak current density-voltage relationships for D0, D5 and detubulated cells. The peak current amplitude of I Ca,L (measured at +10 mV) decreased during culture and following detubulation (Fig. 6C ) but we found no difference in the kinetic properties of I Ca,L (Table 1) .
Discussion
Several lines of evidence suggest that cardiomyocytes undergo profound transformation during long-term culture. First, under all culture conditions, 50-70% of rat cardiomyocytes are lost during the first week of culture (Schwarzfeld & Jacobson, 1981; Haddad et al. 1988; Spahr et al. 1989; Dubus et al. 1990 ). Second, among other morphological and functional changes detected, internalization of intercalated disks (Jacobson & Piper, 1986) , decreased transverse tubule density (Mitchelson et al. 1998; Louch et al. 2004; Leach et al. 2005; Gorelik et al. 2006) , altered calcium signalling mechanisms (Poindexter et al. 2001; Louch et al. 2004 ) and reduced contractility, as well as decreased resting membrane potential and Ltype calcium current density (Ellingsen et al. 1993; Leach et al. 2005) , were reported in adult rat cardiomyocyte culture. Third, a number of attempts made by several groups to design culture conditions to maintain the cardiomyocyte phenotype and function in long-term primary culture (Ellingsen et al. 1993; Berger et al. 1994; Davidoff et al. 1997; Polonchuk et al. 2000; Akuzawa-Tateyama et al. 2006) show that cultured cardiomyocytes do not maintain a steady state and cannot replace acutely isolated cardiomyocytes as an experimental model. While early studies focused on either morphological or certain functional changes observed in long-term cell culture, the present study is the first to provide detailed information to correlate morphological changes with functional alterations under the same culture conditions. Our results indicate that changes in cell morphology, contractility and membrane electrophysiology start on the first culture day (D1). We found that average cell size . L-type calcium current in freshly isolated, cultured and detubulated ARVM A, representative current family and pulse protocol for freshly isolated ARVM. B, current density-voltage relationship for freshly dissociated ARVM (n = 7), detubulated ARVM (n = 7) and ARVM cultured for 5 days (n = 5-9 for each culture day). C, peak I Ca,L densities evoked by depolarization to +10 mV from a holding potential of -70 mV for freshly isolated, cultured and detubulated ARVM. Calcium current density decreased gradually during culture. * P < 0.05 versus data obtained in freshly isolated cells (Student's paired t test). †P < 0.05 versus data shown immediately to the left (Student's paired t test).
(length, width and area) decreases continuously during culture, or another possibility is that the ratio of small cells increases in the surviving population during culture.
To examine the mechanism of cell death in culture, we assayed apoptotic and necrotic activity on each culture day. We concluded that as long as ARVM are able to maintain rod-shaped morphology or only partial deterioration is observed, they display neither apoptotic nor necrotic activity. Therefore, the mechanism responsible for rounding up ARVM is not initiated by apoptotic or necrotic activity. This conclusion is supported by earlier data of Kuramochi et al. (2004) , who used Trypan Blue staining to measure cell viability in culture. On the photomicrographs they presented, one can clearly see that not only rod-shaped cells, but a considerable fraction of the round-shaped cells are Trypan Blue negative. We also assayed our cells with Trypan Blue (data not shown) and found that rod-shaped AVRM are always Trypan Blue negative, and only a fraction of rounded cells are positive. Considering that major sarcomere length shortening was not observed (Fig. 1B) and that diastolic calcium was not increased (Fig. 3D) , we have to conclude that the normal diastolic calcium level is maintained in rod-shaped cells. At the same time, we detected progressive depolarization of resting membrane potential, reduced I Ca,L and I K1 densities, reduced calcium transient amplitudes and fractional shortening in rodshaped cells. Taking these observations together, we conclude that cellular functions deteriorate in cultured ARVM (i.e. the cell can maintain normal diastolic calcium concentrations but not physiological resting membrane potential) and that morphological parameters alone (such as cell length or diastolic sarcomere length) cannot present reliable diagnostic information on the general condition of cultured myocytes.
Our data show that the most profound changes in functional parameters take place around the third culture day. Di-8-ANEPPS shows no visible staining of T-tubule structure in cells after D3 (Fig. 4C) . The RTTA was less than 10% in most cultured cells on D3 (Fig. 4F) , and this value can be attributed mainly to the sarcolemma. The third culture day was also a critical transition point for the majority of other functional parameters. The negative Bowditch effect was diminished after D3 (Fig. 3C) , and I Ca,L density, systolic calcium transient, systolic shortening and C m also reached a minimal level. Interestingly, minimal values for C m and I Ca,L were in good agreement with those measured in detubulated cells (Fig. 5A ). This correlation serves as further (indirect) support that detubulation occurs in ARVM during longterm culture.
While our morphological and functional data mostly show good correlations, we can point to apparent controversies as well. Average sarcomere length was longer in our contraction measurements (Fig. 3B) than that shown in morphometric data (Fig. 1B) . This difference, as well as the different extent of shortening during culture, might arise from the different ionic milieu used during these measurements. Morphometric data were measured in cell culture medium, while contractility was recorded in Tyrode solution (among other differences, the calcium concentration is 1.26 mm in culture medium and 1.0 mm in Tyrode solution).
Reduction in T-tubule density of cardiomyocytes during culture has been reported but, apart from a recent paper from Louch et al. (2004) , no attempt has been made to quantify the observations. Louch and colleagues reported 86% reduction of T-tubule signal at 72 h culture in pig cardiomyocytes using di-8-ANEPPS staining. We observed a similar reduction in RTTA in cultured ARVM with the same method (Fig. 4F) . However, our observations on detubulated cells indicate that decreased di-8-ANEPPS staining might also result from detachment of T-tubules from the sarcolemma even with partly preserved T-tubule structure inside the cell ( Fig. 4D and  E) . The di-8-ANEPPS was apllied in the extracellular solution; therefore, membrane structures not connected directly to the sarcolemma (such as sarcoplasmic reticulum or T-tubules detached from the surface membrane) are 'invisible' with this method. Thus, we cannot exclude the possibility that, despite the reduced (or lack of) di-8-ANEPPS staining, the T-tubule system could be preserved to some extent in cultured cardiomyocytes. It is unclear, however, what the functional consequence of T-tubule detachment from the surface membrane would be.
We found good correlation between the progressive decrease in I K1 and resting membrane potential in cultured ARVM (Fig. 5F ). The loss of ion channels may be related to the reduction in T-tubule density. Several publications support the suggestion that the K ir2.1 channel, which underlies the inward rectifier current I K1 , is located predominantly in the T-tubules (Clark et al. 2001; Brette & Orchard, 2003) , although one study showed that detubulation did not reduce I K1 normalized to cell capacitance (Komukai et al. 2002) . In our experiments, normalized I K1 was significantly decreased following detubulation, and we observed a progressive decrease in I K1 current density parallel with detubulation in culture. The difference might be explained by the different degree of detubulation in various studies. The reduction in cell capacitance was 26.2% in Kawai's study and 35.0% in our study. Thus, our observations support the suggestion that I K1 channels are localized predominantly in the T-tubules, which leads us to the conclusion that loss of T-tubules is an important factor in depolarization of cultured ARVM. The same differences in the degree of detubulation can be responsible for the discrepancy of the action potential contour of detubulated cells observed in our study and that of Brette et al. (2006) . Detubulation resulted in shortening of the action potential, and no depolarization was observed in the report of Brette et al. (2006) . We found significant depolarization in our freshly isolated myocytes following detubulation to a level where no action potential, but slow response, can be evoked. The reduction in cell capacitance following acute detubulation was 35.0% in our cells versus 28.5% in Brette's study. If I K1 is located predominantly in T-tubles, a large difference in current density can result from a relatively small difference in T-tubule area.
In normal heart, contraction is initiated by an action potential, and the activation signal is synchronized by the T-tubule system. Since our ARVM lack a normal action potential in long-term culture but still contract under field stimulation, we might deduce that L-type calcium current and the Na + -Ca 2+ exchanger will deliver calcium ions during a slow action potential to initiate contraction. The wide plasticity of both the L-type calcium channel and the Na + -Ca 2+ exchanger mechanism, known from earlier studies (Leblanc & Hume, 1990; Litwin et al. 1996; Reuter et al. 2003 Reuter et al. , 2005 , makes this adaptation plausible.
Detubulation and excitation-contraction coupling has already been extensively investigated in cardiac myocytes by Dr C. H. Orchard and colleagues (Kawai et al. 1999;  Exp Physiol 93.3 pp 370-382 Brette & Orchard, 2003; Leach et al. 2005; Brette et al. 2006; Pasek et al. 2007 ). Their observations provide strong evidence that the T-tubules are a key site for the regulation of action potential contour and calcium entry into the cytoplasm. Our data are in good agreement with their observations regarding the ∼50% decrease in I Ca,L density and ∼30% decrease in cell capacitance following acute detubulation in freshly isolated cardiac myocytes (Brette et al. 2006) . Since calcium entry at the T-tubules is larger than that at surface sarcolemma (Brette et al. 2006; Pasek et al. 2007) , this ∼30% decrease in cell capacitance can be responsible for the loss of the majority of calcium entry required for contraction. Furthermore, Brette et al. (2006) suggested that calcium entry at the cell surface provides Ca 2+ for the sarcoplasmic reticulum, but the T-tubule system allows synchronous calcium release across the cell. This proposal was also supported by the observations of Louch et al. (2004) . Thus, we conclude that detubulation, which results in only ∼50% reduction of I Ca,L , can lead to complete loss of contractility (Fig. 3) .
In summary, the present paper provides a quantitative description of the progressive morphological and functional changes observed in cultured ARVM. Our data indicate that the observed morphological or functional alterations cannot be attributed to apoptosis or necrosis. The progressive nature of the observed changes and the correlation among the parameters studied makes it very likely that these alterations are induced by complex adaptation to the new environment in the culture. These changes put limits on using cultured adult cardiac myocytes for functional studies and need to be considered in the interpretation of experimental data acquired from cultured ARVM.
